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Abstract. From 10 May through 17 June 2007 and 6 June
through 9 July 2008 intensive sampling campaigns at Sum-
mit, Greenland confirmed that active bromine chemistry is
occurring in and above the snow pack at the highest part
of the Greenland ice sheet (72◦36′ N, 38◦25′ W and 3.2 km
above sea level). Direct measurements found BrO and sol-
uble gas phase Br− mixing ratios in the low pptv range
on many days (maxima< 10 pptv). Conversion of up to
200 pg m−3 of gaseous elemental mercury (GEM) to reactive
gaseous mercury (RGM) and enhanced OH relative to HO2
plus RO2 confirm that active bromine chemistry is impact-
ing chemical cycles even at such low abundances of reac-
tive bromine species. However, it does not appear that Bry
chemistry can fully account for observed perturbations to
HOx partitioning, suggesting unknown additional chemical
processes may be important in this unique environment, or
that our understanding of coupled NOx-HOx-Bry chemistry
above sunlit polar snow is incomplete. Rapid transport from
the north Atlantic marine boundary layer occasionally caused
enhanced BrO at Summit (just two such events observed dur-
ing the 12 weeks of sampling over the two seasons). In gen-
eral observed reactive bromine was linked to activation of
bromide (Br−) in, and release of reactive bromine from, the
snowpack. A coupled snow-atmosphere model simulated ob-
served NO and BrO at Summit during a three day interval
when winds were weak. The source of Br− in surface and
near surface snow at Summit is not entirely clear, but con-
centrations were observed to increase when stronger vertical
mixing brought free tropospheric air to the surface. Reactive
Bry mixing ratios above the snow often increased in the day
or two following increases in snow concentration, but this re-
sponse was not consistent. On seasonal time scales concen-
trations of Br− in snow and reactive bromine in the air were
directly related.
1 Motivation
In 1998 and 1999 separate research teams at Alert, Summit,
South Pole, and Neumayer discovered that sunlight shining
on polar snow caused production of NO and NO2 which were
released to the overlying air (Ridley et al., 2000; Honrath et
al., 1999; Jones et al., 2000; Davis et al., 2001); for details see
Grannas et al. (2007). These findings launched a large num-
ber of follow on investigations into snow photochemistry at
many field sites and in laboratories (summarized in Grannas
et al., 2007). Early results from Summit indicated that emis-
sions of reactive precursors from the snow should lead to
large enhancements of HOx (e.g., Honrath et al., 2002; Yang
et al., 2002), a prediction that was first tested and confirmed
in 2003 (Chen et al., 2007; Sjostedt et al., 2007). However,
the 2003 campaign found that while the abundance of HO2
plus RO2 was well simulated by a standard homogeneous
box model constrained by measured precursors and sinks,
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observed OH was about twice predicted values on average
(Sjostedt et al., 2007). These investigators speculated that ac-
tive bromine chemistry, well known to convert HO2 to OH,
might account for the unexpected partitioning of HOx ob-
served at Summit. An obvious, and admitted, problem with
this hypothesis is that Summit is very far removed from
known sources of bromine and bromide that normally sus-
tain active bromine chemistry. However, recent studies using
satellite retrievals of tropospheric BrO suggest that there is
most likely a reservoir of Bry in the polar free troposphere
(Theys et al., 2011; Roscoe et al., 2012; Choi et al., 2012),
which may have an influence on bromine loading in the re-
mote Arctic boundary layer. It is important to note that the
impact of Bry chemistry on HOx partitioning (as well as on
NOx partitioning, the speciation of atmospheric Hg, and O3
abundance) can be significant even at low levels of active
bromine. The Greenland Summit Halogen-HOx Experiment
(GSHOX) was designed and conducted to confirm or refute
whether bromine chemistry was occurring at Summit, and
attempt to constrain the source(s) of active bromine if signif-
icant abundances were confirmed.
We briefly review the halogen chemistry that motivated
the, GSHOX campaigns at Summit (summarized in Fig. 1).
Bromine chemistry is well known to impact Arctic boundary
layer ozone via the following reactions.
Br2 + hν → 2Br (R1)
Br+O3→ BrO+O2 (R2)
At Summit, Br2 originates from snow photochemistry in-
volving bromide present in the snowpack. Bromine released
from snow can impact OH levels, via reaction with the hy-
droperoxyl radical (HO2), followed by photolysis of HOBr
(Reactions 3 and 4). Reaction (4) also continues the ozone
destruction cycle, via formation of the bromine radical fol-
lowed by Reaction (2).
BrO+HO2→ HOBr+O2 (R3)
HOBr+ hν → OH+ Br (R4)
Nitrogen oxides from the snowpack are also important, as
they determine the rate of ozone formation (reactions not
shown) as well as react with bromine monoxide (Reactions 5
and 6).
BrO+NO2→BrNO3 (R5)
BrO+ NO → Br+NO2 (R6)
Nitrogen oxides also influence the OH/HO2 ratio via HOx
inter-conversion reactions, such as Reaction (7).
HO2+NO →NO2+OH (R7)
Halogens also oxidize elemental mercury. Our observations




Fig. 1. Sketch of the local processes influencing chemistry of NOx, HOx, and reactive bromine 3 
over snow. Atmospheric reactions show the basic HOx and NOx cycles, which ultimately lead 4 
to the formation of ozone, as well as the impact of bromine chemistry on these cycles and 5 
elemental mercury. The figure illustrates the poorly constrained photochemical source of 6 
reactive nitrogen and bromine compounds in the liquid layer on snow crystals and the 7 
exchange of trace species between the snow and the atmosphere, which is tied to vertical 8 
transport processes. The composition of interstitial air and its gas-phase chemistry has not 9 
been well quantified.  For example, if present, bromine compounds in the interstitial air would 10 
be expected to deplete ozone and react with nitrogen oxides to form bromine nitrate.. 11 
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Fig. 1.Sketch of the local processes influencing chemistry of NOx,
HOx, and reactive bromine over snow. Atmospheric reactions show
the basic HOx and NOx cycles, which ultimately lead to the for-
mation of ozone, as well as the impact of bromine chemistry on
these cycles and elemental mercury. The figure illustrates the poorly
constrained photochemical source of reactive nitrogen and bromine
compounds in the liquid layer on snow crystals and the exchange of
trace species between the snow and the atmosphere, which is tied
to vertical transport processes. The composition of interstitial air
and its gas-phase chemistry has not been well quantified. For exam-
ple, if present, bromine compounds in the interstitial air would be
expected to deplete ozone and react with nitrogen oxides to form
bromine nitrate.
GSHOX (see below). The oxidation proceeds via two steps
(Reactions 8 and 9), with the second step involving X= Br,
Cl, or OH.
Br + Hg ↔ BrHg (R8)
BrHg+ X → HgBrX (R9)
Oxidized forms of mercury (e.g. HgBrX) are readily de-
posited to the snowpack causing mercury depletion events
(MDEs).
2 Approach
Initial plans relied on differential optical absorption spec-
trometry (DOAS) to attempt direct measurement of BrO, us-
ing both active (long path or LP) (Stutz et al., 2011) and pas-
sive multi-axis (MAX) DOAS instruments. Our notion was
that this combination might provide insight into the relative
importance of any bromine emitted from the snow or trans-
ported close to the surface of the ice sheet versus bromine
mixed downward from aloft. Unfortunately, the retrieval of
BrO profiles from the MAX-DOAS proved unreliable at the
low mixing ratios found at Summit. The LP-DOAS mea-
surements (Stutz et al., 2011) were complemented by in-
situ observations of soluble gas phase bromide both in the
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boundary layer above the snow and in the pore spaces of the
snowpack (firn air) (Dibb et al., 2010). Shortly before the
2007 campaign a technique to measure BrO and several other
bromine compounds by chemical ionization mass spectrom-
etry (CIMS) was developed and validated in the laboratory
at Georgia Tech. Therefore, it was decided to deploy a CIMS
to also attempt direct measurements of reactive bromine at
Summit (Liao et al., 2011).
Because Bry was expected to be present at Summit in low
abundance, if at all, we also deployed systems to measure
HOx (Liao et al., 2011), speciated Hg (Brooks et al., 2011),
and to collect whole air samples for quantification of a large
number of non-methane hydrocarbons (NMHC). These tech-
niques can all provide indirect evidence of bromine chem-
istry. Observations of HOx and the NMHC also serve as
strong constraints on box modeling used to assess our under-
standing of the photochemistry at Summit. We also measured
NO, O3 and actinic flux, and profiled the dynamic state of
the boundary layer to support modeling efforts (Liao et al.,
2011; Thomas et al., 2011). Size-resolved aerosol number,
surface area, and volume distributions (Ziemba et al., 2010)
and the ionic composition of bulk aerosol and surface snow
(Dibb et al., 2010) were also determined primarily to support
the one-dimensional (1-D) modeling described by Thomas
et al. (2011, 2012). Table 1 in Liao et al. (2011) summa-
rizes the full suite of chemical measurements that were made
during the campaign and additional measurement details are
provided in the other papers in this special issue (e.g. teth-
ersonde profiles from 2008 are available in Thomas et al.,
2011).
3 Findings
Very strong indirect evidence of bromine chemistry was pro-
vided by the speciated Hg measurements within the first
week of the 2007 campaign. Mid-day peaks of RGM in ex-
cess of 200 pg m−3 were highly correlated with solar radia-
tion (including JBr2) and nearly stoichiometric decreases in
GEM (Brooks et al., 2011). Unfortunately, the CIMS instru-
ment was not yet fully on-line (Liao et al., 2011) and the
LP-DOAS was suffering significant visibility problems due
to the very shallow and stable nighttime inversion (Stutz et
al., 2011). Therefore, there is little direct evidence of Bry
chemistry during the most extreme mercury depletion event
observed during either of our campaigns. However, during
several smaller MDE later in 2007 and early in the 2008 cam-
paign BrO mixing ratios were found to increase with RGM
(Brooks et al., 2011; Liao et al., 2011; Stutz et al., 2011).
Liao et al. (2011) point out that periods with enhanced RGM
also exhibit large underestimation of OH by the box model
and find that adding bromine chemistry to the model (con-
strained by BrO observations when available) does not re-
solve the discrepancy between observations and the model.
It is likely that the highest mixing ratios of BrO at Sum-
mit during the two campaigns occurred during the MDE
arly in 2007 when BrO measurements were sparse. This
was also the time with the lowest temperatures during the
two GSHOX experiments at Summit and was characterized
by relatively low wind speeds and air masses that were influ-
enced by local processes. Both direct BrO techniques (CIMS
and LP-DOAS) and the measurements of soluble gas phase
bromide (soluble Br−) (Dibb et al., 2010) showed decreas-
ing trends through the rest of the 2007 season and even lower
abundances through most of the 2008 campaign. Brooks et
al. (2011) likewise reported lower peak and mean abundances
of RGM in 2008 compared to 2007, but it appears that the
relationship between RGM and BrO was only direct during
the colder part of the 2007 season. They suggest that at the
low mixing ratios of BrO characteristic of Summit the rad-
ical HgBr is only likely to further react to form RGM (i.e.,
HgBr2, HgBrOH, HgBrCl) before it thermally decomposes if
temperatures are below−15◦C. In the 2008 season daytime
temperatures generally exceeded this threshold, and RGM
enhancements were only observed early in the morning.
Preliminary analysis of BrO observations during the 2007
campaign found that on some days mixing ratios began in-
creasing in the early morning, decreased markedly in the
early afternoon and then increased again in the early evening.
Diurnal behavior of NO was similar, with the mid-day de-
crease more clearly defined due to higher mixing ratios in
general. Both trends could be reflecting the influence of
boundary layer dynamics on gas concentrations if the pri-
mary source of bromine is release from the snowpack, as is
established for NOx. Two days of firn air sampling in 2007
confirmed that soluble Br− was definitely higher in the firn
air than in the air above the snow (Dibb et al., 2010), pro-
viding some support for the viability of the snow pack as a
source of reactive bromine. Further analysis of the 2007 data
inspired more effort to characterize boundary layer evolution
and dynamics (e.g., see the tethersonde profiles in Thomas et
al., 2011), as well as much more firn air sampling, during the
2008 campaign. It is now quite clear that the snowpack is an
important source of reactive bromine at Summit (Dibb et al.,
2010) and is essentially the only source that needs to be con-
sidered when transport is weak (Stutz et al., 2011). Further
support for this conclusion is provided by the successful sim-
ulation of both BrO and NO by the 1-D coupled atmosphere-
snow model MISTRA-SNOW (Thomas et al., 2011). The
model assumed that snow photochemistry was the source of
NO and BrO and was evaluated using a case study when the
airmasses arriving at Summit had been over the Greenland
ice sheet at low altitude for the previous 3 days.
Stutz et al. (2011) present very simple steady state calcu-
lations which indicate that the measured low mixing ratios
of BrO should only increase the OH/HO2 ratio on the or-
der of 20 % under the low NO conditions characteristic of
Summit. Sensitivity studies with MISTRA-SNOW find that
setting the concentration of Br− in the snow to zero (shutting
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off the only source of active bromine in the model) increases
OH just above the snow by 6–20 % depending on time of
day (Thomas et al., 2012). Similarly, using a box model that
includes bromine chemistry constrained by measured BrO
from the CIMS, average midday (10:00–14:00 LT) OH in-
creases by 12 and 10 % for the 2007 and 2008 campaigns, re-
spectively (Liao et al., 2011). Using BrO from the LP-DOAS
to constrain the box model results in 10 and 4 % increases of
average modeled OH. It should be noted that the box model
calculations used all time periods that included BrO observa-
tions from either of the instruments, rather than restricting at-
tention to times when both the CIMS and LP-DOAS reported
values. The larger impact on modeled OH when constrained
by BrO from the CIMS is therefore not necessarily due to a
consistent bias between the CIMS and LP-DOAS. Also, in
all cases measured OH was generally still higher than any
of the modeled values that included bromine chemistry, but
within the combined uncertainties of the measurements and
model estimates.
With the snowpack established as a major source of Bry
just above the snow, one must wonder about the source(s)
providing bromine and/or bromide to the snow. Seasalt or
modified seasalt from the north Atlantic would seem a likely
source, but rapid transport from the marine boundary layer
to Summit is relatively rare during summer. Sjostedt et
al. (2007) describe one such event in 2003 and two simi-
lar cases were observed during the 2008 campaign (Liao et
al., 2011; Stutz et al., 2011). Dibb et al. (2010) found that
the mean concentration of Br− in the surface layer of snow
during 2007 was twice that in 2008, quite similar to ob-
served differences in mean mixing ratios of BrO measured
by LP-DOAS (Stutz et al., 2011) and soluble Br− (Dibb
et al., 2010); Liao et al. (2011) reported similar mean BrO
mixing ratios from the CIMS in the two years but noted
that the record in 2007 did not begin until 27 May. Dibb et
al. (2010) reported significant variability in the Br− concen-
tration in surface snow over the∼ 6-week long campaigns in
both years. In addition, the intervals with enhanced Br− con-
centration tended to coincide with elevated concentrations of
the radionuclide tracers7Be and210Pb (monitored as part of
Summit station baseline observations, Dibb, 2007). Previous
work has shown that these tracers are controlled, to first or-
der, by alternating ventilation/isolation of the boundary layer
at Summit with stronger vertical mixing (ventilation) bring-
ing free tropospheric air with higher concentrations of7Be
and210Pb to the surface. The correlation with Br− in snow
suggests that a free tropospheric pool of bromine is supply-
ing the surface snow during the summer.
Although the concentrations of Br− in summer sur-
face snow at Summit are very low (< 0.4 pmol mol−1), the
Br−/Na+ ratio is several orders of magnitude larger than
that in seasalt (Dibb et al., 2010). Similar enrichments of
Br− in aerosol and snow have been observed in association
with ozone depletion events in both the Arctic basin and
coastal Antarctica. It may be that the source of bromine in
the free troposphere over Summit is the Arctic basin (Fig. 2).
Three processes may contribute to bromine loading at Sum-
mit, which likely originates from bromine explosion events.
First, transport to Summit from bromine in the Arctic ma-
rine boundary layer may occur via processes in the free tro-
posphere. For example, this could occur via convection over
open leads (narrow openings in the sea ice cover) followed by
processing of bromine in the free troposphere and then depo-
sition at Summit. Second, it is possible, but less likely, that
processing of bromine via snowpack chemistry within the
boundary layer that results in net bromide transport towards
Summit occurs (demonstrated as uptake and release of bro-
mide in the BL in Fig. 2), which would commence at polar
sunrise. These two ongoing processes, if important, are likely
overlaid on the third mechanism, episodic rapid transport of
high bromine air masses to Summit, which has been observed
(e.g. Stutz et al., 2011), but remains uncertain as to the fre-
quency and amount of bromine transported. It is likely that
both wet and dry deposition contribute to bromine loading at
Summit. These processes are modulated by seasonal changes
in the available sunlight, boundary layer stability, and rates
of exchange between the boundary layer and the free tropo-
sphere. After initial deposition, photochemical cycling and
re-release of bromine from the snowpack to the polar bound-
ary layer is now known to occur at Summit in late spring and
summer along with nitrate/NOx cycling and mercury oxida-
tion (see Fig. 1). However, year-round sampling at Summit
from August 2000 through August 2002 found no evidence
for active halogen chemistry (via perturbed NMHC ratios)
or effective transport of Arctic Haze into central Greenland
(Dibb et al., 2007). It has been suggested that vertical mixing
can loft activated Bry out of the boundary layer over the sea
ice in April (McElroy et al., 1999; Salawitch et al., 2010) and
that vertical mixing of the entire free troposphere becomes
more vigorous through late spring into early summer (e.g.,
Scheuer et al., 2003). We therefore speculate that bromine ac-
tivation in the Arctic basin just after sunrise and throughout
the spring provides most of the Br− that later mixes down to
the surface at Summit, but recognize that the delay between
sunrise in March and delivery to Summit in May is not fully
understood.
4 Conclusions
The GSHOX campaigns have confirmed that active Bry
chemistry is occurring in and above the snow in the cen-
ter of the Greenland ice sheet. During the summers of 2007
and 2008 emissions from the snowpack appear to have been
the dominant source of active Bry, sufficient to sustain ob-
served mixing ratios and cycling of active bromine com-
pounds. The current knowledge (including poorly character-
ized processes) of bromine cycling between the snow and
atmosphere at Summit, connection to other chemical cy-
cles known to occur, and physical processes that determine
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Fig. 2. Schematic of the current understanding of chemical cycling of bromine at Summit and the connections to known bromine sources.
We use Bry to refer to both gas and aerosol bromine in the boundary layer and troposphere. Chemical cycling known to occur is shown in
red, processes or may occur are shown in purple. Many of the processes in red in have large uncertainties as to their role in tropospheric
chemistry as well as their contributing to bromine cycling at Summit. When bromine explosion events occur transport of bromine to Summit
may occur via a number of currently poorly characterized pathways and in a number of forms. The source of bromine at Summit is uncertain
and should be further studied. In addition, the form of bromine initially deposited to the surface snowpack should be characterized.
boundary layer concentrations are shown in Fig. 1. Mix-
ing ratios of BrO in the low pptv range and inferred (mod-
eled) levels of other active bromine compounds improve
the agreement between measured and modeled OH, but do
not fully account for model underestimates. However, these
small abundances of active bromine compounds do seem to
cause significant conversion of GEM to RGM when temper-
atures are below−15◦C. The source of bromide in the snow
required to sustain active bromine chemistry at Summit is
not well constrained. However, the correlation of enhanced
surface Br− with radionuclide tracers suggests a free tropo-
spheric pool of Bry may be supplying bromide to surface
snow during the summer.
Our field experiments and subsequent analysis have iden-
tified a number of unresolved issues and uncertainties in the
understanding of the snow-air chemistry and transport sys-
tem at Summit. While we have clearly shown the presence
of reactive bromine on the Greenland ice sheet, it is unclear
if bromine chemistry is also active in other snow-covered ar-
eas, for example the Antarctic ice sheet, that are far removed
from known halogen reservoirs. Our ability to extrapolate
our findings to other environments that are removed from the
likely oceanic source of bromine is also hindered by the fact
that we currently do not understand how, and in which form,
bromine is transported to the center of the Greenland ice
sheet. The uncharacterized transport pathways should be fur-
ther investigated, (see Fig. 2) including: (1) Bromine could
be transported in the boundary layer, for example through a
process in which bromine is continuously released from and
deposited to the snow surface while being slowly transported
from the marine boundary layer to Summit. This mecha-
nism could be particularly important during spring, when the
stable boundary layer inhibits exchange with the free tro-
posphere and when the well known bromine explosions re-
lease large amounts of Bry from the Arctic sea ice. (2) Trans-
port via exchange of bromine from the boundary layer to the
free troposphere from bromine explosion events, followed by
transport in the free troposphere and either dry or wet depo-
sition to the snow at Summit. Investigation of these two un-
characterized transport pathways should be combined with
understanding the frequency and quantity of bromine trans-
ported to Summit in rapid transport events from coastal re-
gions. We have shown that reactive nitrogen and bromine
species are formed in the snow and released to the atmo-
sphere at Summit, consistent with prior work at this site.
However, the vertical transport of trace gases in the snow,
as well as their transfer into and out of the boundary layer
remain poorly constrained. More research is needed to ac-
curately quantify and parameterize these transport processes
and their dependence on environmental parameters, such as
snow and atmospheric temperature profiles, snow morphol-
ogy, wind speed, etc. Additional studies characterizing free
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tropospheric and boundary layer Bry (including speciation
and concentrations) in the Arctic are clearly warranted. The
chemistry in the snow pack has significant uncertainties, in
particular with respect to the multiphase chemistry on the
snow surface. The thickness and composition of the liquid
layer present on snow remains uncertain. This is one of the
many challenges confronting the development of quantitative
modeling tools to describe the uptake, chemistry, and release
of reactive species from snow. Targeted laboratory studies
to improve our knowledge of this chemistry and better mea-
surements of the composition of interstitial air in the field are
both essential in the future.
The uncertainties limit our ability to fully quantify how
processes, such as transport, deposition, and chemical recy-
cling in and above snow, modulate nitrogen, halogen, and
HOx-radical chemistry as well as ozone levels in polar envi-
ronments.
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